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L'électrostimulation chronique unilatérale à basse fréquence (CLFS) est un modèle expérimental qui suscite de nombreuses adaptations physiologiques et biochimiques dans

Introduction
Chronic contraction of mammalian skeletal muscle results in phenotypic adaptations in the tissue. Endurance training is an example of such chronic contractile activity, leading to functional adaptations. Animal models of contractile activity have provided tremendous insight into the potential of skeletal muscle adaptation. Pioneering experiments performed by Buller et al. (1960) using cats laid the foundation for researchers to study muscle adaptations in response to the chronic activation of skeletal muscle. Bueller et al. showed that when a fast-twitch muscle is reinnervated by a nerve from a slow-twitch muscle, it adopts mostly slow-twitch properties. Given this information, Salmons and Vrbova (1969) used imposed electrical impulses to match those found in slow motoneurons (10 Hz) to stimulate skeletal muscle. This was termed chronic low-frequency stimulation (CLFS). When CLFS was applied to a muscle with primarily fast-twitch properties, it could be transformed into a muscle with a slow-twitch phenotype. Thus Salmons and Vrbova were the first to show that CLFS could be used as a model for assessing muscle adaptations.
This shift from fast-to-slow phenotype is also accompanied by a white-tored transformation. Since these adaptations are attributable to numerous biochemical adaptations in the muscle fiber (for reviews, see Pette and Vrbova, 1992, 1999) , the term "muscle plasticity" was popularized to describe the diversity and extensiveness of the adaptation in response to CLFS (Pette, 1980) . Thus, researchers use CLFS to study muscle adaptability in an effort to relate physiological changes to specific molecular events in the stimulated muscle. This review will summarize the major phenotypic changes in muscle subjected to CLFS, as well as some potential clinical applications of this technique.
A System to Study the Plasticity of Skeletal Muscle
Electrical stimulators have been used to induce unilateral chronic contractile activity in the hindlimb of cats (Hoppeler et al., 1987; Salmons and Vrbova, 1969; Smith, 1978) , rabbits, mice (Schwarz et al., 1983; Simoneau and Pette, 1988) , rats, guinea pigs (Simoneau and Pette, 1998; Tyler and Wright, 1980) , and chickens (Barnard et al., 1986) . Traditionally, in vivo CLFS protocols in mammals target the peroneal nerve of the hindlimb, which is easily accessible with a minimum of invasiveness. Electrodes are usually placed on either side of the peroneal nerve and the wires are passed to an internal or external stimulation unit. This is done unilaterally, and if consideration is given to the possible retrograde effects of the stimulation affecting the contralateral limb, the contralateral unstimulated muscle can be used as a valid within-animal control tissue. This should be verified by comparing any phenotypic changes in the contralateral limb with those found in a sham-operated control animal. Some contralateral effects have been observed when long duration (>8 hrs/day) CLFS is applied (Egginton and Hudlicka, 1999; Hudlicka et al., 2003; Srihari et al., 1981) . However, they are not apparent when a shorter period of CLFS (e.g., 3 hrs/day) is imposed.
The peroneal nerve innervates the tibialis anterior (TA) and extensor digitorum longus (EDL), both mixed fast-twitch muscles having a high distribution of type IId/x and type IIa fibers. The TA is often sectioned and used for the study of metabolic adaptations, since it has both fast-twitch white and red sections (Reichmann et al., 1985) , while the parallel-fibered EDL muscle can be used for morphological or histochemical analyses.
Many reports have outlined the electronic configuration of small portable programmable stimulator units (Schwarz et al., 1983; Smith, 1978; Takahashi et al., 1993b; Tyler and Wright, 1980) which are fixed to the backs of the animals. The disadvantage of this is that the animal has access to the unit and it can be dislodged. Implantable devices have also been designed for use in rabbits and rodents (Dennis et al., 2003; Jarvis and Salmons, 2001; Linderman et al., 2000) . These have a reduced risk of damage but their reuse may be limited. In humans, the use of both direct nerve (Bogie and Triolo, 2003) and transcutaneous (Nuhr et al., 2003; Theriault et al., 1994) muscle stimulation to induce chronic contractile activity has also been documented. It is also important to note that there are species-specific differences in the adaptive response . For example, if the same stimulation patterns are applied, smaller rodents tend to adapt less than larger animals, independent of any evidence of muscle damage. Larger species (e.g., rabbit, cat, human) typically exhibit some muscle degeneration prior to phenotypic changes, but the resulting adaptations are more extensive than in rats and mice. It appears this is at least partly related to the initial inherent oxidative capacity of the muscles studied.
Comparison of CLFS to Exercise Training
Although electrical stimulation causes muscle contraction, it does not mimic the voluntary activation of muscle for the following reasons. First, during voluntary contractions the motor units are activated according to the size principle, whereby the extent of fibre recruitment is dependent on the force required (see Burke, 1981, for review). Second, these motor units fire asynchronously and with differing frequencies to produce smooth force production. Both of these activation patterns are abolished with supramaximal electrical stimulation, which activates all motor units synchronously and with the same impulse pattern. Consequently, large motor units that are normally less active during locomotion (e.g., fast-fatigable motor units with type IIb fibers) likely experience the most profound change in activation pattern, and thus exhibit the greatest physiological and biochemical adaptations when exposed to CLFS.
Despite inherent differences between electrically evoked and voluntary contractile activity, electrically induced contractile activity has certain advantages. First, all motor units can be simultaneously activated by the same pattern of activity, including those normally not recruited during exercise. Second, a standardized regimen of motoneuron pacing offers the possibility of examining adaptive responses to well-defined and reproducible patterns of activation. Third, all fibers are continuously activated for a longer period of time than would be possible for voluntary repetitive bouts of locomotion (for reviews, see Pette and Vrbova, 1999; Swynghedauw, 1986) . The result of this is that CLFS elicits significant adaptations in a shorter period of time than voluntary exercise due to the persistent, higher levels of contractile activity. Finally, the augmented muscle activity is restricted to a specific target muscle and has minimal secondary systemic effects (Haas, 2002; Takahashi and Hood, 1993) .
Overview of CLFS-Induced Adaptations
NEUROMUSCULAR JUNCTION (NMJ)
At the neuromuscular junction, acetylcholine (ACh) release characteristics and acetylcholinesterase (AChE) activity adapt to imposed impulse patterns ( Figure 1 ; Reid et al., 2003; Sketelj et al., 1997; . In response to CLFS, ACh vesicle pool size and quantal content are reduced in fast-twitch muscle (Reid et al., 2003) . AChE mRNA levels in stimulated fast muscles decrease and become comparable to those in slow soleus muscles (Sketelj et al., 1998) . A similar result was also noted with the activities of the globular G1 and G4 molecular forms, and the junctional A12 form of AChE in chronically stimulated rat EDL muscle (Sketelj et al., 1997; . CLFS results in increased α-and δ-subunits of the ACh receptor (AChR) during remodeling of the NMJ (O'Reilly et al., 2003) . Further, direct electrical stimulation of muscles for several days has also been shown to dramatically reduce extrajunctional ACh sensitivity and the rate of AChR degradation (Reiness et al., 1977) . Thus, transformations at the NMJ coincide with contractile property and metabolic alterations induced by nerve stimulation.
The Ca 2+ -sequestering system of fast-twitch muscle can be profoundly altered by CLFS. Modifications of Ca 2+ uptake characteristics of the sarcoplasmic reticulum (SR), as well as the amount of cytosolic Ca 2+ -binding proteins, have been shown to be altered by CLFS (Figure 1 ). These include the upregulation of phospholamban, a modifier protein of the SR Ca 2+ -ATPase (SERCA), as well as the slow SERCA2a In the rat model, a portable external stimulator can be affixed to the back of the animal (as shown) or implanted under the skin, and electrodes are passed subcutaneously and sutured to either side of the peroneal nerve in one hindlimb. This nerve innervates the tibialis anterior (TA) and the extensor digitorum longus (EDL) which are both primarily fast-twitch muscles. Following a week of recovery from surgery, stimulation occurs at a low frequency that is typical of a slow-twitch motor unit pattern (10 Hz) and at supramaximal voltages, resulting in the simultaneous activation of all muscle fibers. Duration of the stimulation bouts per day and period of stimulation in days are highly variable, depending on the outcome desired. Animals are unimpeded by the surgical procedure and the stimulation unit, and are able to locomote freely. The contralateral limb of the animal provides the control, nonstimulated muscle. CLFS-induced adaptations: CLFS of fast-twitch skeletal muscle produces a wide range of cellular adaptations including modifications of the neuromuscular junction (NMJ), changes in SR Ca 2+ handling kinetics, increases in enzyme activities involved in oxidative metabolic pathways in the mitochondrion, decreases in glycolytic capacity, nascent capillary growth, and activation of myogenic progenitor cells (see text for details).
isoform (Hu et al., 1995; Leberer et al., 1989; Ohlendieck et al., 1991) ; they occur coincident with the downregulation of the Ca 2+ -binding protein parvalbumin and the fast SERCA1 isoform (Huber and Pette, 1996; Klug et al., 1988; Ohlendieck et al., 1991; .
Adaptive changes also include decreases in the expression of sensing and signal-transducing proteins of excitation-contraction coupling such as triadin, sarcalumenin, and the fast ryanodine receptor (RyR1) and dihydropyridine recep-tor (DHPR) isoforms (Hicks et al., 1997; Ohlendieck et al., 1991; . This is concurrent with a reciprocal upregulation of the cardiac isoforms of the α1-DHPR, and the slow RyR2 isoform in CLFS-conditioned muscle (Froemming et al., 2000) . These adaptations result in a higher level of cytosolic Ca 2+ (Sreter et al. 1987 ) and a reduced rate of intracellular Ca 2+ decay (Carroll et al., 1999) , and are associated with functional changes such as a prolonged relaxation profile (i.e., increased 1 / 2 relaxation time) during twitch contractions, resulting in a reduced firing frequency to attain fusion during tetanic contractions.
METABOLIC ADAPTATIONS CLFS produces increases in enzyme activities involved in oxidative metabolic pathways (e.g., citrate synthase; CS), while the enzyme activity levels of glycolytic enzymes decline (Figure 1 ; Pette and Vrbova, 1992, 1999) . These reciprocal changes in aerobic and anaerobic enzyme activity patterns ultimately alter the metabolic profile of the muscle fiber type from glycolytic to predominantly oxidative. Consequently, there is a linear correlation between the increase in oxidative enzyme activity and the enhanced fatigue resistance following CLFS (Pette and Vrbova, 1992; Simoneau et al., 1993; Takahashi and Hood, 1993) . The magnitude of the changes induced by CLFS appears to be inversely related to the basal expression levels of these enzymes. This is supported by differential increases in mitochondrial enzyme activities in TA muscles of mouse, rat, guinea pig, and rabbit exposed to the same protocol of CLFS Pette, 1988, 1989) .
Mouse TA muscle has the greatest basal levels of mitochondrial enzymes, consistent with the high locomotor activity of this rodent, but it displays the smallest increases in response to CLFS. In contrast, rabbit TA muscle has the lowest basal levels and exhibits the largest adaptive changes. Similar observations were documented in a study by Reichmann et al. (1985) comparing the responses of superficial (white) and deep (red) portions of rabbit TA muscle to CLFS. The white, low oxidative sections of the TA muscle containing type IIb/IId/x fibers exhibited the largest increases in oxidative enzymes in response to CLFS.
The changes in mitochondrial enzymes produced by CLFS (or by chronic exercise) are reflective of mitochondrial biogenesis. This process requires the upregulation of both mitochondrial-and nuclear-encoded mitochondrial proteins Williams et al., 1987) . For example, CLFS has been demonstrated to increase the mRNAs of the mitochondrially encoded subunit III and the nuclear encoded subunit VIc of cytochrome c oxidase (COX), suggesting a coordinated expression of mitochondrial and nuclear genomes leading to the formation of the COX holoenzyme. In addition, CLFS also induces the expression of other proteins that are important for oxidative phosphorylation. For example, one of the earliest changes observed is the activity of nuclear-encoded ALA synthase, the rate-limiting step in heme synthesis. The enzyme activity is augmented by a single bout of CLFS, if followed by a recovery period (Takahashi et al., 1993a) .
Heme is the prosthetic group in all mitochondrial cytochromes, and consequently is a vital component of the electron transport chain. Like ALA synthase, many proteins found in the mitochondria are nuclear-encoded and thus rely on a protein import process to be incorporated into the organelle. It has been shown that CLFS also accelerates the import of nuclear-encoded precursor proteins (e.g., Krebs' cycle enzymes) into the mitochondrial matrix (Gordon et al., 2001; Ornatsky et al., 1995; Takahashi et al., 1998) .
One of the most important proteins destined for import is the nuclear-encoded mitochondrial transcription factor A (Tfam), a protein required to activate transcription and replication of the mitochondrial genome (Larsson et al., 1998) . The CLFS-induced increase in Tfam import was associated with enhanced binding to the mitochondrial DNA (mtDNA) promoter region and increased expression of mtDNA-encoded transcripts (Gordon et al., 2001) . These increases in gene expression and protein import are further indications of augmented organelle biogenesis and are well correlated with morphological increases in mitochondrial volume density (Hoppeler, 1986; Reichmann et al., 1985) .
CLFS also elicits changes in the pattern of other metabolic enzymes and proteins. Within the glycolytic pathway, CLFS induced dramatic declines in the muscle-specific (M)-LDH isoforms but increased the heart-specific (H)-LDH isoforms . This shift should favour pyruvate resynthesis from lactate. In addition, GLUT4 and hexokinase both increase rapidly following CLFS (Etgen et al., 1993; Hofmann and Pette, 1994) , potentially improving both glucose uptake and glucose phosphorylation. Further, CLFS leads to a rise in fatty acid (FA) oxidation (Hudlicka et al., 1977) , the expression of cytosolic FA-binding protein, FA translocase/CD36, and the plasma membrane-associated FA-binding protein in rat TA muscle within 7-21 days Koonen et al., 2004) . These changes favour the improved aerobic metabolism of both glucose and fatty acids.
MYOFIBRILLAR PROTEINS
Skeletal muscle is categorized into three classes of fibers, delineated according to metabolic and contractile properties: (a) slow-twitch red fibers containing mainly the myosin heavy chain (MHC) type I isoform; (b) fast-twitch red fibers containing mainly the MHC type IIa isoform; and (c) fast-twitch white fibers, possessing mainly the MHC type IIb and/or IId/x isoforms depending on the species. Numerous studies have demonstrated that CLFS can induce MHC isoform transitions from fast-to-slow in rabbit TA muscle within 14-24 days (Pette and Vrbova, 1992; . This occurs sequentially in the order from type IIb → type IId/x → type IIa → type I, with the appearance of intermediate hybrid fibers which contain more than one MHC isoform (Figure 1) .
Coexpression of MHC isoforms is a characteristic of fibers in transition from one fiber type to another, as the percentage of hybrid fibers greatly increases in fast-to-slow transforming rabbit muscle (Staron et al., 1987) , thus emphasizing their transitory nature. Single fiber studies on stimulated muscles have also demonstrated time-dependent increases in hybrid fibers with an increasing proportion of the slower MHC isoforms (Conjard et al., 1998) . These transformations in MHC expression in rabbit skeletal muscle are also accompanied by a remodeling of the isoform patterns of regulatory myofibrillar proteins, including myosin light chains (Leeuw and Pette, 1996) , troponin (Hartner and Pette, 1990; Hartner et al., 1989; Leeuw and Pette, 1993) , tropomyosin, and α-actinin (Schachat et al, 1988) , all of which are reversible upon cessation of the CLFS protocol (Brown et al., 1989; Eisenberg et al., 1984; Kirschbaum et al., 1990; Sreter et al., 1987) .
In the rat, CLFS of fast-twitch muscle also results in a fast-to-slow transformation, but this process does not occur as readily and requires a prolonged period of motoneuron pacing (e.g., 60-100 days) to increase protein expression of MHC I Mayne et al, 1993) . Therefore, CLFS-induced changes in the fiber population of rat muscle remain relatively restricted to a rearrangement of the fast fiber subtypes. Noteworthy is the fact that mitochondrial biogenesis can be modulated in rodent skeletal muscle independent of fiber type transformation (Hughes et al., 1999) , which suggests that distinct signaling mechanisms may be involved in initiating these different adaptations.
SIGNAL TRANSDUCTION AND TRANSCRIPTION FACTOR ACTIVATION
CLFS of skeletal muscles results in the sustained elevation of intracellular free Ca 2+ (Carroll et al., 1999; Sreter et al., 1987) . This increase likely activates Ca 2+ -regulated enzymes such as calcineurin and Ca 2+ -calmodulin kinase (CaMK). Calcineurin is involved in the control of skeletal myofiber specialization via the activation of NFAT and MEF2 (Chin et al., 1998; Wu et al., 2000) , and CaMK acts synergistically with calcineurin to activate slow and oxidative fiber-specific gene expression (Wu et al., 2000; 2002) . Additionally, Ca 2+ has been implicated as a signal in the upregulation of nuclear genes encoding mitochondrial proteins (Ojuka et al., 2002; , in part via a PKC-mediated pathway (Freyssenet et al., 1999) .
Although a number of nuclear genes encoding mitochondrial proteins are increased in response to elevations in intracellular Ca 2+ , many key mitochondrial biogenesis proteins are not (Freyssenet et al, 2004) . Thus it is probable that elevations in Ca 2+ only partially mediate CLFS-induced changes in mitochondrial biogenesis, and that it forms part of a more complex signaling pathway, perhaps involving AMP-activated protein kinase α (AMPKα; Bergeron et al., 2001; Zong et al., 2002) . Activation of AMPKα occurs coincident with an increase in the expression of the peroxisome proliferator-activated receptor γ co-activator 1α (PGC-1α), a master regulator of mitochondrial biogenesis (Puigserver et al., 1998; Wu et al., 1999) . Irrcher et al. (2003) recently showed a close correlation between CLFSinduced increases in PGC-1α and COX activity, an indicator of mitochondrial biogenesis. Thus, CLFS has become a useful model for delineating the signaling mechanisms involved in both myofiber specialization and mitochondrial biogenesis in skeletal muscle.
ANGIOGENESIS
Gross inspection of chronically stimulated TA and EDL rat muscles reveals a deep red color as compared to the pale, unstimulated contralateral muscle. This color change is largely due to CLFS-induced increases in myoglobin content and capillary density (Brown et al., 1976; Haas et al., 2000; Hudlicka et al., 1982) . CLFS-induced contractile activity evokes multiple potential angiogenic stimuli, including alterations in metabolite levels and increased blood flow, as well as mechanical stretching and compression of all components in the contracting muscle, culminating in nascent capillary growth (Figure 1 ; Haas, 2002) .
Thus, in addition to the changes in oxidative capacity which produce fatigue resistance (see above), the CLFS-induced capillary proliferation and perfusion (Haas et al., 2000; Hudlicka et al., 1982; Skorjanc et al., 1998) , concomitant with reductions in muscle fiber diameter, contribute to the fatigue-resistant phenotype (Brown et al., 1976; Pette et al., 1975) . These changes in capillary density occur relatively rapidly and seem to precede the increase in oxidative potential observed (Brown et al., 1976; Skorjanc et al., 1998) .
SATELLITE CELLS
Myogenic progenitor cells are located under the basal lamina around the periphery of myofibers. These satellite cells respond to physiological and pathological stimuli by proliferating and either fusing with damaged fibers or merging together to form new myofibers to repair the injured muscle (Figure 1 ; Hawke and Garry, 2001 ). Putman et al. (1999; demonstrated that CLFS of rat fast muscle leads to the activation, proliferation, and myogenic differentiation of satellite cells. Notably, this adaptation was observed in aged animals as well, concurrent with an increase in myonuclear content (Putnam et al., 2001) . Putnam et al. suggest that the increase in muscle nuclei of the fast fibers might be a prerequisite for the adaptive responses. Experiments in which the proliferative response of satellite cells is abolished prior to CLFS are needed in order to verify this. HUMAN MUSCLE Human muscle can also show adaptive responses to CLFS, although the magnitude of the changes are less dramatic than those seen in other species. Stimulation of healthy human quadriceps for 4-10 weeks (3-8 hrs/day, 6-7 days/week) elicited increments of 10-35% in activity levels of marker enzymes of Krebs' cycle, the electron transport chain, and FA oxidation (Gauthier et al., 1992; Nuhr et al., 2003; Theriault et al., 1994; . However, contrary to animal studies, the attenuation of glycolytic enzyme activity in humans after CLFS was not always observed (Gauthier et al., 1992; Nuhr et al., 2003; Theriault et al., 1994) . CLFS induced modest but significant changes in the MHC isoform pattern in the fast-toslow direction, with a decrease in the relative concentration of MHC type IId/x and an increase in the relative concentration of MHC type I (Nuhr et al., 2003) . In addition, CLFS caused an increase in capillarity around the fast fiber subtypes.
These increases in capillarity, along with the changes in the muscle metabolic profile, resulted in functional improvements in work capacity and resistance to fatigue (Nuhr et al., 2003; Theriault et al., 1996) . However, the adaptations observed did not compare to that which occurs with endurance training, since the ability of the trained group to withstand fatigue was superior to that of the chronically stimulated subjects (Theriault et al., 1996) . Nonetheless, CLFS may represent an adequate model for enhancing neuromuscular activity, with possible therapeutic applications in humans with neuromuscular diseases.
Clinical Applications
CLFS is an alternative experimental method that produces muscle contractions in a targeted manner when whole body training cannot be undertaken due to debili-tating injury or disease. As noted above, CLFS has a favourable effect on muscle microcirculation and nutritive capillary supply, which may partly explain its beneficial effect on muscle function and walking performance in patients with peripheral vascular disease (Anderson et al., 2004) . In animals, CLFS improved muscle function (Hudlicka et al., 1994) , the reactivity of microvessels (Kelsall et al., 2004) , and capillary growth, in part due to the upregulation of angiogenic growth factor receptor Flk-1 (Kelsall et al., 2004; Milkiewicz et al., 2003) .
These findings attest to the possibility of using CLFS-induced contractile activity as a prescription for counteracting detrimental changes in skeletal muscle perfusion in patients with peripheral vascular disease. Further, recent studies using patients with advanced chronic heart failure (Nuhr et al., 2004) or chronic obstructive pulmonary disorder (Zanotti et al., 2003) showed that CLFS provided favourable outcomes in counteracting the detrimental changes in skeletal muscle characteristics of these disease populations such as improved muscle strength, increased oxidative enzyme activity, and increases in MHCI, at the expense of MHCIId/x.
The functional changes provoked by using stimulation to increase the contractile activity of spinal-cord-injured (SPI) persons are qualitatively similar to those seen with endurance exercise. SPI patients exhibited improvements in fatigue resistance, work output, and oxygen uptake, along with transitions of fiber types within the fast isoforms, as the number of MHC type IIa fibers was increased and the type IId/x fiber number was reduced following CLFS (Andersen et al., 1996; Mohr et al., 1997a) . In addition, electrical stimulation therapy for SPI patients, either of individual muscles or in a coordinated functional manner, has proven effective in counteracting muscle atrophy and bone loss (Mohr et al., 1997a; 1997b) . Luthert et al. (1979) were the first to show that CLFS could prove beneficial in the performance of dystrophic muscle. These findings were later confirmed in humans, as 8 weeks of CLFS of the TA muscle resulted in enhanced fatigue resistance and maximal voluntary contraction (MVC) in children with Duchenne muscular dystrophy (DMD; Dubowitz et al., 1987; Scott et al., 1986) . The application of CLFS to the quadriceps femoris of children with DMD prevented the loss of muscle strength and improved walking capacity (Scott et al., 1990) . The authors noted that intervention in the early stages of the disease process was more likely to be beneficial than when applied later. Further, in two children with hemiplegic cerebral palsy, 8 weeks of CLFS improved the voluntary use of affected muscles, motor performance, and gait (Dubowitz et al., 1988) . Thus there are clear therapeutic possibilities for the use of CLFS in children with these diseases.
Dynamic cardiomyoplasty is a type of cardiac reinforcement that was first successfully performed clinically almost 20 years ago (Carpentier and Chachques, 1985; Magovern et al., 1986) and is used to augment the ventricular function of a failing heart. It is a surgical procedure in which a portion of the latissimus dorsi (LD) muscle is wrapped around the heart. Following CLFS conditioning of the LD muscle by contractile activity evoked by a cardiomyostimulator, the LD muscle becomes fatigue resistant and is capable of contracting in synchrony with the ventricles. In theory, direct contraction of the wrapped LD muscle should enhance left ventricular performance. However, this treatment modality has subsequently been excluded from the American College of Cardiology/American Heart Association guidelines for management of chronic heart failure, due to poor long-term results (Hunt et al., 2001) .
Questionable cardiac assistance and LD degeneration have been considered the main drawbacks of this technique. It appears that muscle degeneration is caused by the initial surgical dissection of the LD muscle and is exacerbated by the subsequent chronic stimulation (Arpesella et al., 1998; Ianuzzo et al., 1996a) . Moreover, the 2-week delay in stimulation of the LD after cardiomyoplasty seems to contribute to muscle atrophy and loss of function (Ianuzzo et al., 1996b; You et al., 1997) . However, Rigatelli et al. (2003b) have discussed the potential of a new stimulation protocol and have renewed the debate of using this type of cardiac assistance as an alternative to artificial mechanical devices. Results of these new studies may help rekindle the interest in this kind of cardiac assist to improve ventricular function (Rigatelli et al., 2003a) .
CLFS Cellular Alternative
The development of cell culture models of CLFS provides an alternative means to connect particular contractile events with specific intracellular signals. This system offers the advantage that it is easier to manipulate with pharmacological agents, and also that protein expression using gene transfer techniques can be more readily accomplished than in the whole animal. Early studies showed that when cultured skeletal muscle cells were subjected to repetitive stimulation, the contractions caused an increase in the amount of myofibrillar protein and altered the expression of MHC isoforms (Brevet et al., 1976; Dusterhoft and Pette, 1990; Wehrle et al., 1974) . This demonstrated that CLFS-induced responses associated with skeletal muscle adaptations observed in vivo could be replicated using a muscle cell culture system.
Recent studies have also shown that chronic contractile activity in muscle cell culture increases the expression of the important regulators of mitochondrial biogenesis including nuclear respiratory factor-1, Tfam, and PGC-1α (Irrcher et al., 2003) . In addition, this increase in organelle biogenesis has been shown to reverse the cellular metabolic defect associated with mtDNA depletion (Joseph et al., 2004) . These findings suggest a role for contractile activity in reducing the pathophysiology associated with mitochondrial disease. Thus, cell culture models of CLFS offer additional possibilities with respect to exploring the extracellular factors and intracellular signaling cascades involved in muscle adaptations to chronic contractile activity.
Conclusions and Future Directions
CLFS is a model that provides a standardized regimen of contractile activity capable of transforming skeletal muscle phenotype in a shorter time compared to endurance training. This permits the kinetics of the response to be more easily studied. The fast-to-slow and white-to-red transitions induced by CLFS occur in an orderly sequence and involve a variety of cellular adaptations (Figure 1 ). Thus, CLFS represents an excellent model for the study of contractile protein isoform transitions, mitochondrial biogenesis, Ca 2+ -handling properties, angiogenesis, and satellite cell activation. Further research is needed to help us understand the under-lying molecular mechanisms responsible for these muscle phenotype alterations. Specifically, researchers have recently focused on the early changes in the ionic environment, alterations in the concentrations of specific metabolites, and the phosphorylation of transcription factors, as well as signaling kinase and transcriptional activation.
The ability of skeletal muscle to alter its phenotype in response to chronic stimulation is now applied as a modality for rehabilitation of muscle due to injury or disease. In this context, the increase in fatigue resistance displayed by chronically stimulated muscles could prove instrumental in improving the quality of life for individuals exhibiting neuromuscular disease. In addition, CLFS has the potential to aid in counteracting the inactivity-induced muscle deterioration that occurs with aging. Thus, a wider use of CLFS in the clinical setting should be encouraged and requires further study.
